Abstract Although a large volume of monitoring and computer simulation data exist for global coverage of HF, study of HF in the troposphere is still limited to industry whose primary interest is the safety and risk assessment of HF release because it is a toxic gas. There is very limited information on atmospheric chemistry, emission sources, and the behavior of HF in the environment. We provide a comprehensive review on the atmospheric chemistry of HF, modeling the reactions and transport of HF in the atmosphere, the removal processes in the vertical layer immediately adjacent to the surface (up to approximately 500 m) and recommend research needed to improve our understanding of atmospheric chemistry of HF in the troposphere. The atmospheric chemistry, emissions, and surface boundary layer transport of hydrogen fluoride (HF) are summarized. Although HF is known to be chemically reactive and highly soluble, both factors affect transport and removal in the atmosphere, the chemistry can be ignored when the HF concentration is at a sufficiently low level (e.g., 10 ppmv). At a low concentration, the capability for HF to react in the atmosphere is diminished and therefore the species can be mathematically treated as inert during the transport. At a sufficiently high concentration of HF (e.g., kg/s release rate and thousands of ppm), however, HF can go through a series of rigorous chemical reactions including polymerization, depolymerization, and reaction with water to form molecular complex. As such, the HF species cannot be considered as inert because the reactions could intimately influence the plume's thermodynamic properties affecting the changes in plume temperature and density. The atmospheric residence time of HF was found to be less than four (4) days, and deposition (i.e., atmosphere to surface transport) is the dominant mechanism that controls the removal of HF and its oligomers from the atmosphere. The literature data on HF dry deposition velocity was relatively high compared to many commonly found atmospheric species such as ozone, sulfur dioxide, nitrogen oxides, etc. The global average of wet deposition velocity of HF was found to be zero based on one literature source. Uptake of HF by rain drops is limited by the acidity of the rain drops, and atmospheric particulate matter contributes negligibly to HF uptake. Finally, given that the reactivity of HF at a high release rate and elevated mole concentration cannot be ignored, it is important to incorporate the reaction chemistry in the near-field J Atmos Chem (2018) 75:1-16 DOI 10.1007 * Meng-Dawn Cheng chengmd@ornl.gov 1 Environmental Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA dispersion close to the proximity of the release source, and to incorporate the deposition mechanism in the far-field dispersion away from the release source. In other words, a hybrid computational scheme may be needed to address transport and atmospheric chemistry of HF in a range of applications. The model uncertainty will be limited by the precision of boundary layer parameterization and ability to accurately model the atmospheric turbulence.
Introduction
Although a large volume of monitoring and computer simulation data exist for global coverage of HF, study of tropospheric HF is still limited to industry whose interest is mostly in the safety and risk assessment of the release because it is a toxic gas. There is very limited information on atmospheric chemistry, emission sources, and the behavior of HF in the environment. Tressaud (2006) discussed some of these issues. A comprehensive review is provided on the atmospheric chemistry of HF, modeling the reactions and transport of HF in the atmosphere, and the removal processes in the vertical layer immediately adjacent to the surface (up to approximately 500 m).
Halogens exist in the atmosphere in two forms, organic and inorganic. Organic halogens are generally released at the Earth's surface from natural and manmade sources. Destruction of organic halogen species leads to the release of the halogen atoms, which are generally involved in chemical reactions in the atmosphere and partitioned among several inorganic forms (Reisinger et al. 1994) . Among all the inorganic halogens hydrogen halides, HX (where X = F, Cl, Br, and I), are the least reactive of the inorganic halogen species. They are important reservoir species for stratospheric halogens (e.g., Seinfeld and Pandis 1998; Brasseur et al. 1999) . Rate constants and parameters of the Arrhenius equation for the reactions involving these halogen species are presented in Brasseur et al. 1999) .
Interest in the chemistry of halogen compounds in the atmosphere largely resulted from the proposal in the early 1970s when chlorine chemistry was suspected to lead to catalytic destruction of stratospheric ozone. The chlorofluorocarbon (CFCs) that could provide a significant source of chlorine for the destruction of ozone in the stratosphere was reported by Molina and Rowland (1974) and Cicerone et al. (1974) . The most abundant man-made organic molecules released were CFC-12 (CCl 2 F 2 ), CFC-11 (CCl 3 F), CFC-113 (CCl 2 FCClF 2 ), which are all now banned under the Montreal Protocol because they deplete stratospheric ozone. The CFCs were completely of anthropogenic origin and had found extensive use as foam-blowing agents, as refrigerants, and as solvents. These compounds are highly stable in the atmosphere with lifetimes between 50 and 500 years or more.
The column-integrated concentration of HF measured since 1977 at the Jungfraujoch Station in Switzerland (1987) , deduced from spectroscopic measurements, indicated a cumulative trend equivalent to [8.5 ± 1] % increase per year from 3 × 10 14 to 8 × 10 14 molecules/ cm 2 . Zander et al. (1992) showed the concentration (in the volume mixing ratio) of various halogen species, including HF, measured by instruments aboard Spacelab 3, as a function of height above 10 km from the ground level. The concentration of HF was found to be on the order of 10 −12 at 10 to 12 km altitude and approaching 10 −9 at 55 km. Mankin et al. (1990) reported measurements of stratospheric HF using several infrared spectroscopic techniques to derive a vertical profile for HF volume mixing ratio from 0.1 to 0.5 ppbv as the altitude increased from 20 km to 45 km, respectively. This mixing ratio range is on the same magnitude as those reported by Zander et al. (1992 (Reisinger et al. 1994) . If one follows the steady increase of HF column abundance at the rate of 8.5% per year in the North Hemisphere as reported by Zander et al. (1987) , the column abundance would be 1.3 × 10 15 estimated for 1993. Considering the uncertainties (different column length between two ground sites and spectroscopic data reduction algorithms, for example) in deriving this number, we believe that the HF column abundance in the 90s was homogeneous because 1.3 × 10 15 derived in this paper is statistically identical to that number of 9.9 × 10 14 measured by Reisinger et al. (1994) 
Chemical properties
Gaseous HF (CAS number 7664-39-3) is an acute poison interfering with body calcium metabolism and causing systemic toxicity and cardiac arrest and fatality. Acute and chronic effects of exposure to HF are well-known (ATSDR, 1993; HSDB, online database, 1993; California EPA 1997) . United States (US) Environmental Protection Agency (EPA, 1993) mentioned "Acute (short-term) inhalation exposure to gaseous hydrogen fluoride can cause severe respiratory damage in humans, including severe irritation and pulmonary edema. Severe ocular irritation and dermal burns may occur following eye or skin exposure in humans. Chronic (long-term) exposure of humans to fluoride at low levels has a beneficial effect of dental cavity prevention and may also be useful for the treatment of osteoporosis".
HF at atmospheric pressure is a colorless and corrosive. It is a fuming liquid at temperature below 19.5°C and a gas at higher temperature. The vapor of HF is highly polymerized. The gas is detectable by smell at the concentration level as low as 0.042 ppm (Amoore and Hautala 1983) . Although HF itself is non-flammable, when it encounters some metals it may generate flammable hydrogen gas, which may pose a consequent risk of explosion.
Some physical and chemical data of HF that were commonly used and or needed for modeling and data analysis of atmospheric HF are tabulated below in Table 1 .
Another useful data source for vapor pressure, polymerization and heat of vaporization of HF can be found in Jarry and Davis (1953) .
Sources
The major source of HF in nature is volcanic venting, eruption, and geothermal emissions that generate a great amount of hydrogen halides including HCl and HF (USGS, 2016, https://volcanoes.usgs.gov/vhp/gas.html). Typical HF concentrations in diluted volcanic plumes were less than 1 ppm (Brimblecombe 1996; Oppenheimer et al. 1998; Goff et al. 1998; Allen et al. 2002; Kullman et al. 1994 ) measured at the surrounding environment from the source. For instance, Delmelle et al. (2002) reported that the Masaya volcano in Nicaragua emits HF at a rate of 0.9-1.0 kg/s into the troposphere. The emission rate and local meteorological conditions led to 15 ppbv of HF in the vicinity of the volcano by ambient measurement. An estimate of 0.06-6 × 10 12 g/year (or 1.9-190 kg/s) of volcanic HF (Gribble 2002) emissions was reported from a number of eruptions including Hekla in 1970 , El Chichon in 1982 , Guatemala in 1978 , and Kilauea. The last volcano has been continuously erupting since 1983, producing 180 tons of HF per day (Gribble 2002) .
There are many anthropogenic sources that can release HF. Large scale uses of HF occur in production of fluorocarbons (e.g., CFCs, etc.) as discussed earlier, uranium processing to make UF 4 and UF 6 , petroleum alkylation, manufacturing of organic and inorganic compounds, aluminum production, glass etching and polishing, metal surface treatment and acid pickling, oil-well acidizing, and microelectronics and semiconductor industry (e.g., Lines 1995; Krupcik et al. 1976; Environment Agency 2005) . Dore et al. (2008) reported that total HF emissions in the UK for 2006 was 5.2 kt representing a 48% decrease from the 1990 estimated emission levels. US EPA ( 1986) estimated all power-plant emitted HF are mainly attributed to coal (Lines 1995) c Raj (1990) combustion for electricity generation. This is similar to UK (Environment Agency 2005; Lines 1995) where there were industrial boilers that burn coal and oil which emit HF. The data showed boilers that burn coal have an emission factor on the order of 55,000 tons of HF per year (US EPA, 1986) . Another possibility of HF introduction to the atmosphere is production of HF involving chemical reactions of anthropogenic precursor species. For example, HF can be produced through UF 6 reaction with water vapor in air (Nair et al. 1998 ) when UF 6 is leaked from a ruptured storage tank. Once UF 6 is mixed with ambient species such as water vapor in the atmosphere, the following equation summarizes the overall reaction:
Although the reaction of UF 6 with water is much more complicated than stated in Eq.
(1) and many mechanistic details remain unclear (Hu et al. 2009 ), stoichiometrically, every UF 6 molecule can react to produce 4 HF molecules. A separate reaction related to uranium production that could contribute to HF production is through accidental release of ClF 3 (Lombardi and Cheng 1996) . The following stoichiometric equation describes the overall reaction:
Each ClF 3 molecule produces 3 HF monomers. Both reactions (1) and (2) forming HF depend highly on the availability of water vapor in the environment and source emission scenario [e.g., emission or release rate (quantity per time) and source type (pressurized jet or spill evaporation)]. These chemical processes [Eq. (1) and (2)] can generate a HF source with locally rich quantity of HF in the plume. Use of flame suppressants during fire combustion can also lead to the formation of HF because the chemicals used in the suppressants (e.g., Linteris and Gmurczyk 1995; Babushok et al. 1995) . The magnitude of the release depends on the amount of materials used and burned.
Atmospheric removal processes
The primary removal mechanism of atmospheric HF is deposition (including both dry and wet processes). Other removal mechanisms such as photochemical reactions that occur in the stratosphere do not exist in the Troposphere including the lowest 500 m from the ground surface. Chemical reactions involving polymerization do not remove HF from the atmosphere, and all the polymers of HF eventually break down or depolymerize to HF monomers. Thus, these chemical reactions cannot be considered as a removal process of atmospheric HF. Deposition of HF is thus the only effective means that can eliminate HF from the atmosphere.
The wet deposition involves water such as mist, rain, fog, dew, and cloud droplets and typically resulting in acidic precipitation when HF is absorbed or adsorbed in the liquid water. The dry deposition refers to the process that removes HF from the air without the involvement of liquid water. Both dry and wet deposition processes decrease the concentration of HF in the air, and again are the two most likely mechanisms to eliminate atmospheric HF. When atmospheric turbulence (eddies) drives gaseous HF to encounter plant leaves, ground surface, and or building walls, for instance, the HF molecule adheres to these surfaces causing damage to the plant leaf, or reaction with materials of construction, for example. When the surface attachment is complete, HF molecules are considered removed from the air.
Conceptually, the deposition is modeled analogously like an electric circuit in which resistance is used to describe the mass transfer from the air to a surface; i.e., a droplet, ground surface, crop leaf, roof top, and so on. Figure 1 shows the concept of the resistance model for dry deposition. Each R i represents the resistance of the specified mass transfer process. R L, for instance, is the resistance coefficient for the dry deposition from the air to the leaves. R T is the total resistance of transferring the HF from the air to a complex area where the surface elements like a house, pavement, trees, and soil exists. R T is in the linear sum of the individual resistance coefficients.
The rate of deposition is described as deposition velocity and defined as
where F is the deposition flux density, v is the deposition velocity, and c is the concentration of HF or ionic fluoride in droplets in the air. The v is the inverse of the R T that depends on the type of surface elements as given in Eq. (4):
Depending on the types of land surface elements, the same chemical species may have different deposition velocity. For example, iodine has a deposition velocity in the range of 0.5-4.0 cm s −1 for grass surface, but the range of velocity decreased to 0.02-0.9 cm s −1 on sticky paper (Convair 1959) . Presumably, the surface roughness is larger for the grass surface than for the sticky paper; therefore, the deposition velocity was found to be larger for the former type of surface. Larger surface roughness would generate stronger turbulent eddies that could be responsible for higher mass transport -the physical mechanism of dry deposition. According to Eq. (3), given the same iodine concentration, iodine mass per unit surface area per unit time is transferred more to the grass surface than to sticky paper. The deposition velocity was 1.6 cm s −1 for HF on alfalfa, and 3.1 cm s −1 on crops (Israel 1974 ) much larger than those for iodine reported by Convair (1959) . Again, higher surface roughness for these vegetation-types were probably responsible for the higher deposition velocity of HF and removal of the species from the air. The rate limiting step for wet deposition of HF is in the kinetics of HF diffusion or uptake by rain droplets. As the solubility of HF in water is infinite (see Table 1 ) under normal ambient temperature, it is believed that the monomer and oligomers of HF will dissociate once they are in the water. USEPA provided the global average wet deposition velocity for HF as "0" in Table 1 of the report (US EPA CERL-037, 1977) . This is puzzling at first because HF is highly soluble in water and water spraying is a common practice in industry for mitigation of toxic gases like NH 3 , SO 2 , H 2 S, and HF (e.g., Fthenakis and Zakkay 1990; Schatz and Koopman 1990; Petersen and Diener 1990) ). In addition, water spraying was found to be an effective means of control for HF (Fthenakis and Zakkay 1990) . Thus, there is no reason to believe that the wet deposition of HF would be mathematically zero in the global average, unless all rain drops were in equilibrium in effect emitting HF at the same rate they were absorbing it, globally.
Engineering control process for HF by water spraying is certainly not identical to atmospheric scavenging of the same gas. The collection process of HF with droplets, the amount and size of the droplets, and the state of HF (vapor or aerosol) all make a difference between rain and water spray. Nevertheless, without more wet deposition data, the engineering results could provide some insights into wet deposition collection of HF. Schatz and Koopman (1990) showed that HF removal efficiencies were 25-90% given water to HF liquid ratios of 6:1 to 40:1, which indicates a significant amount of water is needed to spray to remove atmospheric HF clouds. More interestingly, the authors showed that water sprays may be less effective mitigating an HF vapor release than mitigating the vapor-aerosol cloud produced by HF release. These could suggest that a low wet deposition of HF vapor may be plausible. Moreover, the uptake of HF by droplets was limited by the acidity of the droplets (Lines 1995; USEPA, 1977) . In other words, HF absorption of rain drops will compete with that of SO 2 , NH 4 , and other atmospheric acids and bases. The EPA report published in 1977 also provided an estimated residence time of HF in the atmosphere to be at 0.01 year, or translated into a little more than 3 days.
Atmospheric HF removal could also involve uptake by solid phase materials commonly found in the environment such as particulate matter, dust, ice crystals, and so on that are suspended in the air. Very little work has been done in this area. Hanson and Ravishankara (1992) . Their results suggest that removal of HF at the atmospheric concentration by adsorption to ice crystals is inefficient in the stratosphere or regions in northern climate and or during the winter season. This result is very different from that of HCl and HBr where high adsorption by ice crystals was observed (Hanson and Ravishankara 1992) . Empirical evidence such as that found in Hanson and Ravishankara (1992) indicates no significant reaction like sorption is to occur between low-concentration HF and the surface of ice crystals. There were no studies found for uptake by atmospheric aerosols like soot, dusts, or pollen grains; however, we doubt it would be significant given the low level of atmospheric HF and common airborne particles that exist in the environment.
Research on atmospheric transport of HF emitted by volcanic activities showed a 2500-times decrease in concentration at 10 km, simply due to atmospheric dilution, from the volcano vent (Aiuppa et al. 2007 ). The contribution of reaction to the HF concentration decrease was found to be negligible. The released concentration of HF at the source was about 900 μg m −3 , which was approximately 4 ppm at the vent with a gas temperature of 900°C (Shinohara et al. 2002) . The experimental and modeling results of Aiuppa et al. (2007) clearly showed that HF was essentially "inert" during the short-range transport in their study. It is important to note that the volcanic release concentration of 4 ppm was low and therefore negligible reaction extent was expected. The decrease in HF concentration was then simply due to atmospheric dilution as the authors suggested.
Atmospheric reactions and thermodynamics
HF can participate in adsorption with some materials like alumina (Baverez and De Marco 1980) , which is used as a trapping material to minimize the atmospheric emissions, and can corrode structural materials in pipes and machineries (e.g., Shevchuk et al. 1990 ). In atmospheric reactions, it is known that HF does not react photochemically because the photolysis of HF requires 15.98 eV (ionization potential) which exceeds the energy level of photons found in the Earth's lower and mid-atmosphere. Also, the strength of hydrogen bonds of HF inhibits consequent reaction with atmospheric reactive species like OH and O 3 commonly found in air pollution. When the concentration of HF released is high, as in an industrial accident, the reactive chemistry of HF becomes critical in predicting the behavior of this species in the atmosphere. Chemical, petroleum, and nuclear industries have been interested in the atmospheric chemistry of HF in such scenarios.
Given sufficiently high concentration of HF (e.g., in hundreds of ppmv) it can undergo polymerization (self-association) due to its strong association ability with itself in the atmosphere. This is evident even from the vapor properties listed in Table 1 . The vapor density listed at 0°C, 0.922 kg/m 3 , is more than twice the ideal gas density one would calculate from the 358 Torr 0°C vapor pressure, were the HF entirely monomeric. Considerable association is therefore implied at high HF concentration. Based on the IR spectrum analysis, Smith (1958) concluded that hexamer is probably the preferred polymer with a dielectric constant of almost zero, leading to a cyclic structure. Tetramer concentration was relatively small compared to dimer, hexamer, and octomer making it difficult to determine its structure. Kollman and Allen (1970) Schotte (1980) compiled phase equilibrium data for the relationship between fugacity coefficient (θ i ) or effective vapor pressure (fugacity) and activity coefficient (γ i ) or effective concentration (activity) of each component in a nonideal HF mixture existing in equilibrium between liquid and gas phases. The author used these coefficients to account for nonideality in the liquid and gas phases, and indicated dimer (HF) 2 , hexamer (HF) 6 , and octamer (HF) 8 are the relevant HF oligomers. Tetrameter (HF) 4 is a less probable species in the association reaction, except in the range of 195-240 K or −78~−33°C. Lower temperature appears to promote the molecular configuration of the tetrameter among others. Tamir and Wisniak (1978) showed the fugacity coefficients for a polymer HF population are about equal using a thermodynamic model. Liu et al. (1986) performed Ab Initio calculations and determined the equilibrium bond length for (HF) 2 dimer to be 0.9 Å. The authors (Liu et al. 1986 ) also reported the structural parameters for HF dimer, trimer, and tetramer, which can be further used in molecular dynamics simulation if needed. Schotte (1987) addressed the formation of HF fog and argued the size of the acid fog droplets is on the order of 2 μm, but no size measurement data of the fog droplets were available.
The formation of HF polymers or adducts with H 2 O at high concentration releases heat and conversely the decomposition of these polymers as the concentration declines absorbs heat. These factors lead to complex density evolution as a high concentration gas cloud undergoes dilution, which can be made even more complex by the formation and evaporation of droplets of HF-H 2 O solution. Figure 2 shows the variation of plume temperature as a function of HF molar concentration at given ambient relative humidity (Rh) conditions. For dry air (Rh = 0), the reaction is endothermic up to the molar concentration of HF less than 0.08 (or mole fraction of 8%). In a moist air (e.g., 90% Rh), the reaction would be exothermic at low molar fraction of HF up to about 0.15; i.e. the plume temperature rises above the initial temperature at the HF molar concentration less than 0.15. Greater than 0.15 the reaction becomes endothermic at 90%Rh leading to a cooler plume temperature relative to the initial temperature and the plume would no longer be buoyant. Whether the reaction is endothermic (cooling the plume, increasing the plume density) or exothermic (heating the plume, reducing the plume density), the net yield of the heat in plume by the reactions would be dependent on the water vapor content and HF molar concentration.
The curves in Fig. 3 show the plume density as a bivariate function of the HF molar concentration and ambient Rh. In a dry air (Rh = 0%), the plume density relative to air is always greater than 1 indicating the plume is heavier than the air. Thus, the HF plume dispersion in this case would be meandering on the immediate surface above the ground for a spill release, for example. However, at 100% Rh the plume density relative to air is not as clear as that in the 0% Rh case. For the HF molar concentration less than 0.1 (or 10% mole concentration), the plume was actually lighter than the air thus the plume is buoyant. Anywhere in between 0% and 100% Rh, the relationship between the plume density and the HF mole concentration is highly nonlinear as shown in Fig. 3 . Raj (1990) showed the plume temperature for HF monomer equivalent mole from 0 to 5% (0.05) in Fig. 4 . This is about the concentration in the middle of Fig. 3 . The results show that the plume temperature was predicted to be 20 K higher than the initial saturation temperature when the HF monomer equivalent mole is less than 1.3% (or 0.013). Puttock et al. (1991) however showed that the temperature rise caused by the reaction at a molar ratio of 0.013 would be less than 10°C in the full range of Rh from 0% to 100%. In other words, Raj's estimate is higher than that of Puttock's. Remember 1.3% is about 13,000 ppmv given 1% is 10,000 ppmv. Thus, based on Fig. 3 of Puttock et al. (1991) , the temperature and plume density variation from that of the ambient state does not exist at a molar fraction below 0.001 (10 ppm) for all Rh conditions. In other words, the analyses based on the evidences provided from the empirical ambient observations (i.e., from volcanic venting gas studies) and model calculation shown here indicate that one could ignore the reactivity of HF and effectively perform atmospheric modeling of HF at a sufficiently low HF release scenario. The critical concentration could be approximately 10 ppm for all ambient temperature and Rh conditions. Using this premise, one can decouple the thermodynamics and self-associative chemistry of HF from atmospheric dispersion modeling, effectively simplifying the calculation for a low-load release scenario.
HF plume dispersion modeling
To assess the consequence of an accidental release of a large quantity of anhydrous HF to the atmosphere, there are a few computer programs currently available. These are similar in their core capability in handling the thermodynamics and reaction chemistry of HF in the air and with water vapor. For example, Raj (Raj 1990 ) described the development and integration of the computer module for the Air Force Dispersion Assessment Model (ADAM) system. The Schott reaction scheme (Schotte 1980 and Schotte 1987) was applied in the development and the ADAM system was tested using the Goldfish experiment data (Puttock et al. 1991) . Another known HF modeling system is called HGSYSTEM for simulating the atmospheric transport of HF. Technical description of HGSYSTEM can be found in Witlox and McFarlane (1994) with details of thermodynamics and reaction chemistry codes in Witlock (Witlox 1994a and Witlox 1994b) . HGSYSTEM was developed by Shell Ltd. and supported by 20 other industry companies. ADAM and HGSYSTEM share the same basic chemistry and thermodynamics core. The user interface, graphics, and overall code structure may be different, but the fundamental chemistry in modeling atmospheric HF is essentially identical for these two codes. No changes on the reaction scheme could be found in the open literature within the last 20 years.
The HGSYSTEM as well as the ADAM program were verified independently by using the data set that was produced through a series of six atmospheric releases of superheated anhydrous HF. The experiments were performed at the Frenchman Flat spill test facility in Nevada in 1986 by Amoco Oil Company and Lawrence Livermore National Laboratory at the recommendation of the then Ambient Assessment Group, a subcommittee of the Industry Cooperative HF Mitigation Assessment Group sponsored by 20 companies from the chemical and petroleum industries. These experiments were later known as the Goldfish experiment.
Another program was reported by Webber et al. (1994) , in which they reported the simulation of HF dispersion using a code called DRIFT. This code was based on homogeneous equilibrium model incorporating a detailed HF-water interaction, and was able to predict plume temperature and cloud tested against the Goldfish experiment data.
Several good reviews of these programs and field studies (suitable for high concentration release scenarios) performed in the 1970s can be found at Havens (1992) . The model Raj (1990) predictions were supported by the field data to a point where Havens (1992) suggested that the uncertainties in modeling the passive or inert species transport are the major uncertainty of the predictions. Since our ability to precisely predict the inert-species transport is limited by the boundary layer flow, turbulence, and deposition or surface-atmosphere transport, we should not anticipate the model prediction for HF will be better than that for the passive species, like CO 2 , unless we can improve our prediction for the boundary layer flow and turbulence. A good critique of HGSYSTEM can be found by Fthenakis (1999) . Among the shortcomings, the spill model in HGSYSTEM was found to be limiting and the transition from a spill to a dispersion model was inadequate.
Although, as described earlier, ADAM and HYGSYSTEM shared the same core knowledge in using the Schott reaction scheme, the latter has also been upgraded and enhanced further by the addition of UF 6 and ClF 3 chemistry (Lombardi and Cheng 1996) . The software is called HGSYSTEM/UF6 (Nair et al. 1998 ) and the reactions described in Eq. (1) and (2) earlier were modeled explicitly in HGSYSTEM/UF6. It has been used extensively by ORNL for uranium storage and UF 6 consequence analysis (Hanna et al. 1994; Hanna et al. 1997; Hanna et al. 1998) in the late 90s and early 2000s.
Modeling global level of HF by using large scale 2-D or 3-D chemical transport or global circulation models can be found in Kohlhepp et al. (2012) . These models do not include the HF reactions described in the HGSYSTEM, ADAM, and DRIFT model, because as previously stated the HF concentration was too low to warrant concern. The modeling result for HF by the global models is typically in the total column abundance (# of molecules or mass per unit area) throughout the entire atmosphere, while the reactive plume models give HF concentration in mass per volume.
Discussion
Although HF is known to be chemically reactive and highly soluble, and both factors affect the transport and removal in the atmosphere, the effects of chemical reactions on the plume transport can be ignored because the capability for HF to react in the atmosphere is diminished when its concentration is diluted to a sufficiently low level (e.g., 10 ppmv) and therefore the species can be mathematically treated as inert in the model description of atmospheric transport. At a sufficiently high concentration of HF (e.g., at kg/s release rate and thousands of ppm), HF can go through a series of rigorous chemical reactions including polymerizationdepolymerization and reaction with water molecules to form complexes. As such the species cannot be considered as inert, and the reactions would determine the plume's thermodynamic properties and affect localized changes in the plume temperature and density during atmospheric transport. Thus, it is recommended that one should at least estimate the emission rate and concentration at the emission to determine if the reactive plume transport is warranted. Once the HF concentration is decreased due to atmospheric mixing, then the reactive plume calculation can be safely terminated.
Many mechanisms affect the concentration of HF in the atmosphere. Dilution is one and deposition is another. Polymerization or depolymerization reaction of HF does not, however, destroy nor remove HF or its oligomers from the air because the molecular form of this species is stable in the troposphere. Literature data indicated that the atmospheric residence time of HF was found to be less than four (4) days, and deposition is the single mechanisms that could remove HF and its oligomers from the atmosphere. The literature data on HF dry deposition velocity was relatively high compared to many commonly found atmospheric species such as ozone, sulfur dioxide, nitrogen oxides, and so on. The global average of wet deposition velocity of HF was found to be zero based on one identified literature, although no additional supporting evidence of this could be found.
Uptake of HF by rain drops is limited by the acidity of the rain drops, but with the global average of zero wet deposition velocity the data appear to imply dry deposition is the dominant removal mechanism. There has been virtually no study on the reaction or association of HF and atmospheric particulate matter, but again at the low concentration of HF commonly found in the atmosphere, this pathway appears to be insignificant. That could explain why there were no studies of this pathway.
Future research of atmospheric HF
It is important to mention that the computer codes for modeling atmospheric chemistry of HF (i.e., ADAM and HGSYSTEM or even HGSYSTEM/UF6) have not been tested as thoroughly as one would like. For example, the source emission rates of HF in the Goldfish experiment were in the 10-30 kg s −1 range at pressurized scenarios at slightly above the ambient temperature conditions, all under neutral atmospheric stability. Unintended releases of HF can occur in any environmental conditions, unstable or stable atmospheric stability, for example. The meteorological condition then would have a significant impact on the atmospheric concentration of HF, but the models had not been validated in such conditions. Furthermore, the model has never been tested for low release rates. Our analysis reported here shows that HF is essentially an inert species at the ambient concentration. Experiments at such low-concentration conditions need to be performed to validate model predictions. The mechanism of HF deposition to various surface elements needs to be explored as this could be a significant source of HF removal in the atmosphere. Finally, given that the reactivity of HF at a high release rate and elevated mole concentration cannot be ignored, it is important to incorporate the reaction chemistry in the near-field dispersion close to the proximity of the release source. In the far-field or ambient remote atmosphere, the deposition mechanism has to be incorporated. In other words, a hybrid modeling scheme may be needed for atmospheric HF; the model needs to explicitly address the issue of reactive chemistry of HF in the near field or inside a release source (in the pipes and ducts, for instance) and subsequent passive dispersion process incorporating deposition mechanism in a further distance when the capacity of HF to react is diminished due to low concentration caused by atmospheric dilution. The reactive chemistry of HF in the atmosphere appears to have been predicted with reasonable accuracy. The uncertainty in the hybrid modeling framework for HF would be limited by the accuracy of boundary layer parameterization and our ability to realistically model the atmospheric turbulence.
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